Abstract. Diallyl disulfide (DADS), a volatile component of garlic oil, has various biological properties, including antioxidant, antiangiogenic and anticancer effects. The present study aimed to explore novel targets of DADS that may slow or stop the progression of breast cancer. First, xenograft tumor models were created by subcutaneously injecting MCF-7 and MDA-MB-231 breast cancer cells into nude mice. Subsequently, western blot analysis was performed to investigate the expression of tristetraprolin (TTP), urokinase-type plasminogen activator (uPA) and matrix metalloproteinase-9 (MMP-9) in the xenograft tumors, and cell cultures. Tablet cloning, Transwell and wound healing assays revealed that DADS treatment significantly inhibited the proliferation, invasion and migration of breast cancer cells. In addition, DADS treatment led to significant downregulation of uPA and MMP-9 protein expression, but significantly upregulated TTP expression in vivo and in vitro. Knocking down TTP expression using small interfering RNA reversed the aforementioned effects of DADS, which suggests TTP is a key target of DADS in inhibiting the progression of breast cancer.
Introduction
Breast cancer is the most common type of cancer that develops in women (1) . Although the survival rate is high when diagnosed early, ~50% of breast cancer-associated mortality is due to local invasion and distant metastasis (2, 3) . Therefore, it is important to investigate the underlying molecular mechanisms that drive tumor formation and novel therapeutic strategies to target breast cancer.
Diallyl disulfide (DADS), one of the major volatile components of allicin, exhibits diverse anticancer activities, including cell cycle arrest, inhibition of cell growth, induction of cell differentiation and apoptosis by interfering with a variety of cell signaling pathways (4) (5) (6) (7) (8) . However, the mechanism of DADS in breast cancer remains to be determined.
Numerous studies have revealed that diverse molecular mechanisms are implicated in the suppressive effects that DADS exhibit on tumor growth (9, 10) . In particular, DADS has been demonstrated to decrease the invasiveness of gastric cancer cells by decreasing the expression and activity of matrix metalloproteinases (MMPs) (11) . MMPs serve a key function in the tumor microenvironment by facilitating cell metastasis. MMP-9, a member of the MMP family, is known to be involved in tumor invasion and metastasis, and degrade the extracellular matrix in the vicinity of the tumor (12) . In addition, urokinase-type plasminogen activator (uPA), one of the upstream genes of MMP-9, interacts with co-receptors to activate intracellular signaling pathways that mediate the degradation of the extracellular matrix, and activates plasminogen and MMPs (13) . Increased expression levels of uPA and MMP-9 expression are indicators of poor prognosis in numerous human tumors, including breast cancer (14) . In addition, adenylate-uridylate (AU)-rich elements (AREs) in the 3'-untranslated regions of numerous transiently expressed genes regulate mRNA, mediate post-transcriptional modifications and serve important functions in various types of cancer (15) . Tristetraprolin (TTP) is an important AU-rich RNA-binding protein, which targets mRNAs (16) . Previous studies have identified decreased expression of TTP in numerous types of cancer, including breast cancer, hepatocellular carcinoma, and head and neck cancer (17) (18) (19) (19) . Therefore, the aim of the present study was to investigate the functions of DADS in the inhibition of cell invasion and metastasis of human breast cancer, which may be a beneficial therapy for this disease.
Materials and methods
Reagents and cell culture. DADS was purchased from Sigma-Aldrich; Merck KGaA (Darmstadt, Germany In vivo tumorigenicity study. A total of 18 4-week-old female nude mice (weighing 16-18 g) were purchased from Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, China). All mice were kept in a barrier facility under high-efficiency particulate air filtration and maintained in a specific pathogen-free environment with shavings as bedding. The cages and bedding were sterilized at 121˚C for 20 min. All mice were allowed free access to food and water, the feed was purchased from Ke'aoxieli Feed Co. Ltd (Peking, China), drinking water was sterilized by 60 Co irradiation. Approximately 1x10 7 MDA-MB-231 or MCF-7 cells were subcutaneously injected into the subcutis of the right axilla of each mouse. Tumor volume (mm 3 ) was examined every 4 days and calculated using a standard formula [width 2 x (length/2)]. When the tumor volume reached 80 mm 3 , the mice were divided into two groups. The control group used saline as vehicle treatment while the treatment group received 50 mg/kg DADS via intraperitoneal injection every 2 days. After 28 days, the xenografts were removed. The tumor weights were measured in both groups. All experimental procedures conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) and were approved by the Institutional Animal Ethics Committee of University of South China (Hengyang, China).
Hematoxylin and eosin (H&E) staining. Tumor tissues (control group and DADS-treated group) were cut into 0.5-mm 3 sections, fixed using 4% paraformaldehyde for 24 h at room temperature, embedded in paraffin and further cut into 5 µm thick tissue sections. The tissue sections were dewaxed in xylene and rehydrated in a descending (100, 95, 90, 80 and 75%) ethanol series, 3-5 min each time. Following washing with PBS, the sections were stained with hematoxylin and following a second wash, the sections were differentiated. The sections were subsequently stained with eosin following washing. Following dehydration with ethanol, the sections were mounted, and observed using light with a x40 microscopy objective (Eclipse E200; Nikon Corporation, Tokyo, Japan).
Western blot analysis. The tumor tissues and cells were lysed using radioimmunoprecipitation assay buffer (Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with Halt Protease and Phosphatase Inhibitor Cocktail (1:100; Thermo Fisher Scientific, Inc.), sonicated and clarified by centrifugation at 12,000 x g, 15 min at 4˚C. All groups of protein were quantified using a bicinchoninic acid protein assay and equal amounts of total protein extracts (30 µg/well) were separated by 8-12% SDS-PAGE. Following electrophoresis for 2 h at 100 V, the proteins were electrically transferred onto a polyvinylidene fluoride membrane. The membranes were then blocked with 5% nonfat dry milk for 1 h at room temperature and then incubated with primary antibodies against TTP (1:500), uPA (1:1,000), MMP-9 (1:1,000) or β-actin (1:1,000) at 4˚C overnight. Thereafter, the membranes were washed three times with TBST (20 mmol/l Tris base, pH 7.6, 150 mmol/l NaCl and 0.1% Tween-20), incubated with the HRP-conjugated goat anti-rabbit or goat anti-mouse IgG secondary antibodies for 50 min at room temperature, and washed three times with TBST. Protein visualization was performed using the ECL Plus Western Blotting Detection system (Tanon-6200, Tanon Science & Technology Co., Ltd., Shanghai, China) to collect the images and QuantityOne 4.5.0 software (Bio-Rad Laboratoris, Inc., Hercules, CA, USA) for analysis.
Tablet cloning assay.
A total of 200/well MCF-7 and MDA-MB-231 cells were planted into 9 cm petri dishes. After treating cells with 0, 100, 200 or 400 µM DADS for 24 h (using 0 µM as the control group), cells were washed with PBS three times, then fresh serum-free DMEM was added. After 3 weeks, 5 ml 100% methanol was added to the dishes for 15 min to fix the cells at room temperature. Giemsa was used to stain cells for 20 min at room temperature. Following PBS washing of the cells and air-drying, the clone formation rate was calculated under microscope, clone formation rate (%)=(clone number/plated cell number) x100%.
Transwell assays. For the Transwell assays, 25 µg Matrigel was added to the upper side of porous filters (pore size, 8 µm) and the gel was allowed to form at 37˚C for 2 h. Following rehydration of the coated filters with 100 µl medium, 1x10 6 cells in 100 µl serum-free DMEM supplemented with 0.2% FBS were seeded into the upper part of each chamber, whereas the lower compartments were filled with 500 µl complete DMEM containing 10% FBS to serve as the chemoattractant agent. Cells were incubated at 37˚C with 5% CO 2 for 24 h to allow for invasion. At 24 h, cells on the upper surface of the filters were removed using cotton swabs. Cells that had invaded to the lower surface of the filter were washed twice with PBS, fixed with 4% paraformaldehyde for 15 min and stained with 0.1% crystal violet at room temperature. Images were captured using an epifluorescence inverted microscope (magnification, x100). The total number of invaded cells was normalized to the number of non-targeting control cells and expressed as fold change.
Wound healing assay. MCF-7 and MDA-MB-231 cells (2x10 5 /well) were cultured in 6-well plates in DMEM containing 10% FBS. The cell monolayer in each well was scratched with a 200 µl plastic pipette tip to create a linear wound. The monolayer was washed twice with PBS to remove debris and detached cells, and the cells were then exposed to serum-free medium with or without various concentrations of DADS (100, 200 and 400 µM) for 24 h and using 0 µM as control group. The wound areas were then observed using an inverted microscope (magnification, x100). The migration distance was measured, and migration rates are expressed as the ratio of the treated group value to the control group value.
Small interfering (si)RNA transfection. siRNA duplexes for TTP were designed and produced by Shanghai GenePharma Co., Ltd. (Shanghai, China). The sequences for TTP siRNA were sense, 5'-UCG CCA CCC CAA GUA CAA ATT-3' and antisense, 5'-UUU GUA GGG GUG GCG ATT-3'. Scramble control RNAi was used as control siRNA, the sequence for the negative control siRNA was 5'-GCA AGC TGA CCC TGA AGT T-3'. The TTP and control siRNA were transfected into MCF-7 and MDA-MB-231 cells using Lipofectamine ® 3000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. Brief ly, MCF-7 and MDA-MB-231 cells (1x10 5 /well) were inoculated into 6-well plates and cultured in DMEM with 10% FBS at 37˚C until reaching 70% confluence. Then, 2 µl TTP or control siRNA (0.5 µg/µl) was mixed with 5 µl Lipofectamine 3000. The mixture was added to the cell culture, and cells were incubated for 12 h at 37˚C. The cell solution was replaced with DMEM containing 10% FBS and cells were incubated for another 24 h.
Gene Expression Omnibus (GEO) database. The GSE42568 breast cancer microarray dataset was downloaded from the GEO database (https://www.ncbi.nlm.nih.gov/geo/). Using the data from the GEO dataset normal breast (17 samples) vs. breast cancer (104 samples) were analyzed. P<0.05 was considered to indicate a statistically significant difference.
Statistical analysis. Statistical analysis was performed using SPSS software (version 20.0; IBM Corp., Armonk, NY, USA). Each experiment was repeated three times. All results are presented as the mean ± standard deviation or standard error of three independent experiments. The χ 2 test was applied for enumeration data. Student's t-test (unpaired) and one-way analysis of variance was used to identify statistically significant differences followed by the Student-Newman-Keuls test for further group comparison. P<0.05 was considered to indicate a statistically significant difference.
Results

TTP is downregulated, whereas uPA and MMP-9 are upregulated in human breast cancer compared with normal breast in the GEO database.
In breast cancer microarray datasets from the GEO database, a microarray dataset (GSE42568) was identified in which TTP mRNA levels were significantly downregulated in breast cancer compared with in normal breast tissue (Fig. 1A) . In the same microarray dataset, uPA and MMP-9 mRNA levels were identified to be significantly upregulated in breast cancer compared with in normal breast tissue (Fig. 1B and C) .
Effect of DADS on the progression of breast cancer in vivo.
Compared with the control group, the mean volume and weight of the tumors from mice in the DADS-treated group were significantly decreased (Fig. 2) . Protein was extracted from the xenografts, and western blot analysis was performed to detect the expression of uPA, MMP-9 and TTP. uPA and MMP-9 protein expression levels were significantly downregulated, whereas TTP expression was significantly upregulated in the DADS-treated group compared with the corresponding control groups, suggesting that DADS induced the expression of TTP in breast cancer xenografts (Fig. 3A and B) . Furthermore, H&E staining revealed that MCF-7-derived tumors in the DADS-treated group were markedly smaller compared with the control group (Fig. 3C) .
Effect of DADS on the proliferation, invasion and migration of breast cancer cells in vitro.
To examine the effect of DADS on cellular proliferation, a tablet cloning assay was performed on MCF-7 and MDA-MB-231 cells treated with DADS. It was demonstrated that the clone formation of cells was markedly decreased in a dose-dependent manner following DADS treatment (Fig. 4A) . In addition, invasion and migration rates of MCF-7 and MDA-MB-231 human breast cancer cells were significantly decreased following DADS treatment, as determined using the Transwell (Fig. 4B ) and wound healing assays (Fig. 5 ) compared with the untreated control groups.
Effect of DADS on the expression of TTP, uPA and MMP-9
in breast cancer cells. Western blotting was used to examine the expression of TTP and proteins associated with invasion, including uPA and MMP-9 in breast cancer cells. As presented in Fig. 6 , DADS treatment significantly affected the expression of TTP, uPA and MMP-9 in a dose-and time-dependent manner (P<0.05). that TTP siRNA significantly decreased the effect that DADS exhibited on TTP, uPA and MMP-9 expression (Fig. 7) . The Transwell assay demonstrated that TTP siRNA significantly reversed the anti-invasive effect of DADS in breast cancer cells (Fig. 8) . Furthermore, the wound healing assay revealed that TTP siRNA counteracted the suppressive effect of DADS on breast cancer cell migration (Fig. 9) . All the aforementioned results indicate that DADS may inhibit the proliferation, invasion, and migration of breast cancer cells by upregulating TTP while downregulating the expression of uPA and MMP9 (Fig. 10) and TTP may be a novel target of DADS in the progress of breast cancer.
Effect of knocking down
Discussion
Breast cancer is the most commonly diagnosed type of cancer and the primary cause of cancer-associated mortalities in women worldwide (20) . Over the last two decades, with the development of early diagnostic methods and more effective treatments, the mortality rate of patients with breast cancer has declined (21) . However, metastatic breast cancer still lacks effective treatment and remains the primary cause of breast cancer-associated mortality (3). Therefore, full understanding the underlying mechanism of metastasis is required in order to establish methods that are able to effectively inhibit breast cancer invasion and metastasis. DADS, one of the major organosulfur compounds in garlic, exhibits a wide variety of biological activities in vivo and exhibits promising effects as a therapeutic agent in various types of cancer. Certain anticancer mechanisms include inhibiting the production of reactive oxygen species, inhibiting cell cycle arrest and inducing apoptosis (4, 22, 23) . However, the mechanism of action of DADS in breast cancer remains unknown. Therefore, further study of the function of DADS and how it inhibits the progress of breast cancer cells is required.
In the present study, the antitumor activity of DADS in breast cancer was evaluated using in vivo and in vitro models. A mouse xenograft in vivo model was used, which demonstrated that mice treated with DADS exhibited tumors with significantly smaller weights and volumes compared with those in the control group. Furthermore, DADS treatment significantly inhibited the growth of breast cancer tumor xenografts by upregulating TTP protein expression. Using tablet cloning, Transwell and wound healing assays, it was revealed that DADS significantly inhibited the cloning formation, invasion and migration of MCF-7 and MDA-MB-231 cells compared with untreated cells. Cell invasion and metastasis are two important biological characteristics of malignant tumor cells, but the degradation of the extracellular matrix occurs first. As the tumor prepares to metastasize, uPA protease is overexpressed in numerous cancer cells, including in breast carcinoma, where it serves an essential function in the metastatic process (24) . uPA activates a cascade of proteases by binding to its receptor, uPA receptor (uPAR), which ultimately leads to the degradation of uPAR (25) . MMPs degrade proteins that regulate various cellular behaviors associated with cancer cell differentiation, migration and invasion due to their proteolytic nature. MMP-9 serves a key function in facilitating tumor metastasis by degrading the extracellular matrix around the vicinity of the tumor and destroying the basement membrane integrity, leading to local invasion and distant metastasis of tumor cells (26) . Previous research has demonstrated that uPA and MMP-9 are associated with the regulation of invasion and metastasis in various types of malignant tumor besides breast cancer, including prostate and colon cancer (27) (28) (29) . The results of the present study revealed the function of DADS in inhibiting the progression of breast cancer cells.
TTP, a tandem CCCH zinc-finger RNA-binding protein, regulates the stability of several ARE-containing mRNAs. TTP serves a fundamental function in various physiological and pathological processes, including differentiation, reprogramming, metabolism, proliferation, pluripotency and tumorigenesis (30) . The loss of TTP has been reported in several types of human cancer and is associated with poor prognosis (30) . Previous studies identified that TTP expression is suppressed in numerous cancer cells compared with in normal cell types (31) . In addition, a lack of TTP is associated with a variety of cancer-associated processes. The regulation of TTP expression has been identified to serve a function in several cancer types, including colon and breast cancer (32, 33) . However, its function in breast cancer has not been fully investigated. TTP binds to the AREs within the 3'-untranslated regions of uPA and uPAR, and the overexpression of TTP decreases the expression of uPA and uPAR by enhancing the degradation of their mRNAs (34) . A previous study suggested that TTP may be used as a promising therapeutic target to treat human glioma (34) . A previous study identified that TTP regulates the degradation of growth factors and proto-oncogenes (16). In addition, a variety of inflammatory factors are able to enhance the invasion and metastasis of tumor cells, including tumor necrosis factor (TNF)-α, interleukin (IL)-1β and IL-6. TTP is known to contribute to cytokine homeostasis by facilitating the degradation of TNF-α mRNA, which is essential for reducing inflammation (35). TTP is a molecular marker of breast cancer that regulates the proliferation, invasion and metastasis of breast cancer cells (36) . In the present study, it was demonstrated that, following treatment with DADS, the protein expression of TTP was significantly upregulated, but uPA and MMP-9 expression levels were downregulated in a dose-and time-dependent manner in MCF-7 and MDA-MB-231 cells. Furthermore, silencing the expression of TTP using siRNA significantly increased the expression of uPA and MMP-9 protein, and also significantly enhanced the invasive and migratory capabilities of MCF-7 and MDA-MB-231 cells. These results suggested that TTP may be a novel target of DADS in inhibiting the progression of breast cancer. However, there remains a lack of evidence that TTP is a target of DADS, which are to be addressed in our further studies. This prompts further investigation into the function of DADS in uncontrollable inflammation and tumor growth. In conclusion, the results of the present study suggest that DADS regulates TTP expression and is a promising therapeutic target for breast cancer. Further studies on TTP are required to provide a novel basis for the targeted therapy of breast cancer, and to develop safe and effective anticancer drugs.
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